Abstract-We demonstrate a new single-point, multiparameter, fiber optic sensor concept based on a combination of interferometric and plasmonic sensor modalities on an optical fiber end face. The sensor consists of an extrinsic Fabry-Perot interferometer in the form of a hemispherical stimuli-responsive hydrogel with immobilized gold nanoparticles (GNPs). The GNPs exhibit local surface plasmon resonance (LSPR) that is sensitive toward the local refractive index (RI) of the surrounding environment, whereas the stimuli-responsive hydrogel is sensitive toward specific chemical compounds. We evaluate the quality of the interferometric and LSPR signals as a function of GNP concentration and of hydrogel swelling degree stimulated by ethanol solutions. The GNPs have little influence on the visibility of the Fabry-Perot etalon. The swelling degree of the hydrogel, with corresponding bulk RI changes, has little influence on the local surface RI of the GNPs. We expect this novel sensor concept to be of great value for biosensors for medical applications.
I. INTRODUCTION
T HE multiplexing capabilities of optical fiber sensors (OFS) are well known and have been widely commended in the research literature. Multiplexed OFSs offer new sensing capabilities by combining multiple sensing elements, such as fiber Bragg gratings and Fabry-Perot (FP) interferometers, to measure different parameters. While these sensors have multi-parameter capabilities, they are relatively large and can not easily be used to sense multiple parameters in a single spatial point as required in many application. E.g. for medical applications, there is a great need for sensing multiple parameters in one single point, combined with other important features like small dimensions, label-free sensing, real-time monitoring and high sensitivity. By sensing several parameters it is also possible to correlate the relevant parameters to achieve higher accuracy. OFSs can fulfill many of these requirements by exploiting intrinsic or extrinsic Manuscript received July 31, 2017; revised October 27, 2017 and December 19, 2017; accepted January 6, 2018. Date of publication January 9, 2018; date of current version February 24, 2018 . This work was supported in part by the strategic research fundings from the Norwegian University of Science and Technology (NTNU), in part by the Interreg Sweden-Norway program (IR2015.01), and in part by the Energy and Sensor Systems group (ENERSENSE, strategic research program at NTNU). This paper was presented in part at the 25th International Conference on Optical Fibre Sensors, Jeju, South Korea, April 24-28, 2017 
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light-matter interactions at the core-cladding interface or on the fiber end face. Localized surface plasmon resonance (LSPR) of noble metal nanoparticles (NMNP) are promising candidates for label-free sensing. The label free sensing can be multi-parametric by spectrally resolving different LSPRs observed for NMNP of different size and shape [1] . Most LSPR based fiber optic sensors proposed over the last decade use noble metal nanostructures interacting with the evanescent field at the fiber core-cladding interface or with the light at the fiber end face [2] , [3] . The use of fiber end face offers simpler manufacturing methods as compared to utilizing the evanescent field, since there is no need for cladding removal.
We have earlier demonstrated a proof-of-concept fiber optic LSPR sensor based on reflection from spherical gold nanoparticles (GNP) embedded in a hydrogel on a multi-mode (MM) fiber end face [4] . Immobilizing the GNPs in a 3-dimensional polymer network (hydrogel) have two distinct advantages; (i) it enables immobilization of very large number of particles giving a strong LSPR signal, and (ii) it will reduce negative effects on analyte diffusion and binding to functionalized nanoplasmonic surfaces. In addition, the method for immobilizing GNP in the hydrogels is flexible with the possibility of exchanging the GNPs with other NMNPs to obtain high refractive index (RI) sensitivity and LSPR amplitude [5] .
Extrinsic Fabry-Perot interferometers (EFPI) are among the simplest and most utilized fiber optic sensors. They are both easy to manufacture and cost effective for a range of applications [6] , [7] . We have earlier developed a flexible EFPI technology platform based on a hemispherical smart hydrogel immobilized on the optical fiber end face [8] . This EFPI may be customized for a range of applications and enables implementation of in vivo sensors with unique advantages in terms of miniaturization and cost effectiveness [9] - [11] .
In this paper, we demonstrate a new multi-parameter sensor concept by combining an interferometric and a plasmonic sensor on an optical fiber end face, providing two sensing modalities in one single point. The sensor consists of an EFPI in the form of a semi-spherical hydrogel with immobilized GNPs, as presented in Fig. 1 . We combine the LSPR of the GNPs in the visible (VIS) range with the interferometric measurements of the EFPI in the infrared range (IR) using a dual core optical fiber (DCOF). By guiding VIS light in the large core (first cladding) it is possible to achieve a high numerical aperture (NA) for excitation and collection of the LSPR of the GNPs. Accurate interferometric measurement of the hydrogel cavity is made possible by 0733-8724 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. confining the IR light in the core to create single mode (SM) wave propagation. This design avoids the limitations of modal dispersion in MM EFPI in the IR at the same time as we suppress the interference in the VIS range were the fiber is highly MM [12] . Since both the FP resonances and the LSPR are sensitive to changes in the hydrogel RI, the sensor design is susceptible to cross-talk. However, in a sensing configuration where the interferometer is used to sense hydrogel swelling and the plasmon resonance is used to sense binding to receptors immobilized at the GNP surface, we expect the crosstalk to be small. In this situation, the changes in the FP signal caused by the large physical swelling of the hydrogel will dominate over the minute change in bulk RI. Similarly, the change in plasmon resonance will be dominated by analyte binding to surface immobilized receptors rather than the density of the polymer chains.
In this first proof-of-concept demonstration we show that the quality of the interferometric and the LSPR signal are sufficient for dual parameter sensing. The influence of GNPs on the EFPI is investigated by characterizing the visibility and the free spectral range (FSR) of the interferometric signal as a function of increasing GNP density. Similarly, the influence of hydrogel swelling degree on the LSPR signal is investigated by characterizing the LSPR as a function of decreasing optical path length of the hydrogel. Finally, we characterize dried GNP-acrylamide hydrogel and pregel using scanning electron microscope (SEM) to study particle distribution and morphology of the hydrogel.
The detailed performance characterization of the interferometric and the LSPR sensor is beyond the scope of this proofof-concept demonstration.
II. SENSOR IMPLEMENTATION WITH DCOF

A. Fabry-Perot Interferometer
The stimuli-responsive hydrogel shown in Fig. 1 represents a low-finesse FP etalon. The FP is interrogated using IR light guided by the single-mode core. Confining the IR light to a single transverse mode, both in the fiber and in the hydrogel volume, ensures effective interference between the field reflected at fibergel interface and the field reflected at the gel-solution interface (as illustrated with red color in Fig. 1 ). Both the reflection at the gel-solution interface, r 2 , and at the fiber-gel interface, r 1 , are small, and multiple reflections can be safely neglected. The total IR reflection from the hydrogel FP can therefore be described as the sum of two waves resulting in the intensity,
where k = 2π λ , l 0 is the optical length of the hydrogel cavity, γ is a loss factor (due to absorption, scattering, and mode mismatch), and ϕ 0 is an arbitrary phase.
The IR reflectance spectra are characterized by three parameters; visibility, FSR, and phase shift (illustrated in Fig. 2 ). The visibility can be expressed as,
The FSR is the distance between the maxima of I(λ) and can be expressed as,
where λ 0 is the center wavelength of the light source. The phase change of the reflectance spectrum is given by the change in optical length as,
The change in l 0 may originate from both a change in RI of the hydrogel and from a change in the physical length l of hydrogel cavity,
where n gel is the RI of the hydrogel, originating from both the solvent and the polymer concentration.
B. Localized Surface Plasmon Resonance Sensing
The LSPR of the GNPs in the hydrogel is probed using VIS light guided in the MM first cladding as shown in Fig. 1 . Using the high NA of the large diameter core for the VIS light ensures effective excitation of a large fraction of the GNPs immobilized in the hydrogel volume and effective collection of scattering from the LSPR of the GNPs (as illustrated with green color in Fig. 1 ).
The reflection from GNPs is a result of both scattering and absorption, however, in our case the reflection from the GNPhydrogel is dominated by scattering. With a sufficient low GNP density, and absence of dipole-dipole interactions, the optical properties of GNPs in hydrogel can be described by Mie theory for spheroidal particles (as used in Fig. 3 ) or extended by Gans theory for non-spheroidal particles [13] , [14] .
The scattering cross section is maximized when the real part of the dielectric function of the GNP, ε 1 (λ), and the dielectric constant of surrounding medium, ε local , has the relation [1] ,
If the dielectric medium around the GNP change, the wavelength of the LSPR change. By using the Drude model, the LSPR peak position as a function of local RI, n local = √ ε local , within a sufficiently narrow range can be described as,
where λ p is the plasma oscillation wavelength of the bulk metal [15] . The change from λ max(1) to λ max(2) with respect to n local(1) and n local(2) can be expressed as,
In terms of hydrogel composition and GNP concentration, the two sensing modalities results in conflicting requirements. High visibility of the interference signal can be obtained by using high polymer density hydrogel and low GNP density. High LSPR signal is obtained using a hydrogel with high GNP density. A low polymer density hydrogel is also advantageous for LSPR sensing to reduce the effect of polymer chains in close proximity to the plasmonic wave, as well as to allow analyte diffusion in to the hydrogel volume. The hydrogel composition and GNP density must be tailored to reach the desired interferometric and LSPR sensing requirements as defined by the applications in mind.
III. MATERIALS AND METHODS
A. Fabricating the GNP-Hydrogel
The fiber optic sensor was fabricated as described in earlier work [4] . 560 nm resonant GNPs in citrate buffer (80 nm diameter, 7.8 × 10
9 particles/mL, Sodium Citrate 0.1 mg/mL, SigmaAldrich, Schnelldorf, Germany) and 575 nm resonant GNPs in citrate buffer (100 nm diameter, 3.8 × 10
9 particles/mL, Sodium Citrate 0.1 mg/mL, Sigma-Aldrich) were densified to particle density of 1.95 × 10 11 and 1.9 × 10 11 mL −1 , respectively, and used for making pregel solutions containing 10 wt% acrylamide (Sigma Aldrich) and 2 mol% N,N-methylenebisacrylamide (BIS) (Sigma Aldrich).
B. Fabricating GNPs on Bare DCOF End Face
Randomly adsorbed GNPs on bare DCOF end face for the VIS measurements in air were prepared by immersing a bare DCOF in the densified GNP citrate buffer (80 nm, 1.95 × 10 11 particles/mL). The bare DCOF was withdrawn out of the GNP citrate buffer solution so a semi-spherical drop covered the OF end face. The OF was then dried for 1 min and subsequently cleaned with 96% ethanol to remove excess GNPs and impurities.
C. Setup of the FO Sensor Instrument
The fiber optic sensor set-up illustrated in Fig. 4 consist of the following components; VIS broadband source (MBB1F1, 470-850 nm, Thorlabs, Stockholm, Sweden), IR broadband source (S5FC1005S, 1550 nm, 50 nm bandwidth, Thorlabs), 50:50 coupler MM (50/50, FCMH2-FC, 400-1600 nm, Thorlabs), 50:50 coupler SM (50/50, 84075633, 1550 nm, Bredengen, Oslo, Norway), double cladded optical fiber coupler (DC1300LEB, MM 400-1700 nm, SM 1250-1550 nm, Thorlabs), VIS spectrometer (QE65Pro, Ocean Optics, Oslo, Norway), IR spectrometer (NIRQuest-512-1.7, Ocean Optics), loose fiber-end terminated with index matching gel (G608N3, Thorlabs), LSPR and FP sensor segment with Ø125 μm DCOF (DCF13, Thorlabs).
The program Spectrasuite (Ocean Optics) was used to obtain the spectra and the optical fibers were spliced using a Fitel Fusion Splicer (Furukawa Electric, Tokyo, Japan).
D. Preparation of Solutions for Hydrogel Swelling and Deswelling
Ethanol (96%, Sigma Aldrich) were added to mQ-water to prepare solutions for hydrogel swelling and deswelling for the IR and VIS measurements of the fabricated GNP-hydrogel.
E. Reflectance Measurements in VIS and IR
The reflectance spectra were estimated from the measured raw spectra S λ normalized to a measured reference spectra R λ . Before normalization, we subtracted the measured dark spectrum D λ (recorded with the light source turned off) from both the raw spectra and a reference spectra. Thus, the normalized reflectance spectra were computed as,
The hydrogel swelling, or deswelling, was induced by immersing the hydrogel-fiber in solutions with ethanol concentrations between 30 and 45%. For each solution, the hydrogel was left for 1 minute to reach equilibrium before sampling the reflectance spectrum. It is convenient to use different reference spectra in (9) for the different experiments;
r For all IR experiments we used the raw spectra from the reflections of the bare DCOF in mQ-water solution.
r For the VIS experiments with GNP-hydrogel, we used the raw spectra from the hydrogel without GNP for each ethanol concentration to compensate for the artefacts in the LSPR spectra caused by the hydrogel.
r For the VIS experiments with the sensor in air, we used the raw spectra from the bare DCOF in air.
r For the VIS experiments of hydrogel without GNP in ethanol, we used the raw spectra of the bare DCOF in ethanol. Scattering increases with increasing GNP size, with an associated spectral broadening of the LSPR signal. We observe strong LSPR signal for GNPs with diameter ≥ 80 nm and particle density ≥ 2 × 10 10 mL −1 . The visibility measurements were obtained with GNP diameter of 100 nm, whereas for the hydrogel swelling measurements the GNP diameter were 80 nm.
F. Estimating the FSR and the LSPR Peak Position
We determined the FSR from the autocorrelation function of the reflectance spectra to relax the dependence on signal normalization. The results demonstrates that both the raw spectra S λ as well as the normalized reflection spectra I R can be used.
The autocorrelation function is symmetric and measures the correlation between x (i) and x (i+k ) , with x = I R or x = S λ , for lag time k = 0, 1, 2... (N − 1) where N is the length of the vector received from the spectrometer. The autocorrelation coefficients for lag time k is described as,
where σ 2 is the sample variance of the lag time series and x is the mean of x [16] . To find the FSR, the centered and scaled smoothing spline function was applied on the first peak of the autocorrelation function with a smoothing parameter at 0.995. With smoothing parameter p = 0 the smoothing spline function produces a least-squares line fit to the data, whereas with p = 1 the smoothing spline function produces a cubic spline interpolant. By choosing a fixed smoothing parameter the balance between residual error and local variation is also fixed [17] .
For the VIS reflectance measurements of GNPs, the LSPR spectrum was fitted with a centered and scaled smoothing spline function with smoothing parameter at 0.95.
G. Visibility Measurements
The quality of the FP etalons were assessed by the visibility parameter,
All visibility experiments were conducted by having the OF sensor in mQ-water.
H. Characterization With Scanning Electron Microscopy
The acrylamide hydrogel with GNPs were prepared for SEM (Teneo VS, FEI) to preserve their inner morphology. The GNPacrylamide hydrogel was fabricated as described in previous work [4] , with monomers used in this paper in bulk volume of ≈ 0.5 cm 3 and fixated in 2.5% glutaraldehyde (Sigma-Aldrich) for 2 hours at room temperature. The hydrogel in glutaraldehyde was then left for 12 hours at 4
• C and washed two times for 5 minutes in phospate buffered saline (PBS) (Sigma-Aldrich). The hydrogel was further dehydrated with ethanol for 5 minutes at concentration of 10, 25, 50, 70 and 90%, and in the end dehydrated with ethanol two times for 5 minutes at 96 and 100%. After the dehydration, the hydrogel was subsequently transferred to the critical point drier (CPD) (E3000 Series II, Polaron). With low temperature and high pressure the ethanol was replaced with liquid carbon dioxide and further sublimed entirely. After the CPD the hydrogel sample was cut or cracked in two by a razor, immobilized on carbon tape, and sputter coated (E5100, Polaron) with 40-60 nm of gold to enhance the electron emissivity and conductivity of the sample.
The pregel solution of acrylamide and GNP was also prepared for SEM to characterize the particle distribution. mQ-water was used to dilute the GNP-acrylamide pregel solution to a ratio of 1/1000 (pregel/mQ water). The diluted GNP-acrylamide pregel solution was subsequently transferred onto carbon tape for drying in air at room temperature. The diluted and dried GNPacrylamide pregel was then sputter coated with 40-60 nm of gold.
IV. RESULTS AND DISCUSSION
First, we assessed the quality of the interferometric and plasmonic signals from the hemi-spherical acrylamide hydrogel with immobilized GNPs. Second, the influence of the GNPs on the FP cavity was determined by measuring the visibility and FSR as a function of GNP density. Next, the influence of hydrogel swelling, or deswelling, on n local at the GNP surfaces was determined by measuring the spectral shift of the LSPR peak and FSR as a function of ethanol concentration. Finally, we characterized the particle distribution and the surface morphology of the GNP-acrylamide hydrogel using SEM. Fig. 5(a) shows IR reflectance spectra of hydrogels with and without GNP (80 nm, 1 × 10 11 particles/mL) in 30% ethanol solution. The resulting autocorrelation function of the reflectance spectrum used to find the FSR is shown in Fig. 5(b) .
A. Quality of the LSPR and the Interferometric Signals
The visibility is largest for the hydrogel without GNP, while the mean reflectance of hydrogel with GNP is largest. This indicates that the ratio γ r 2 r 1 is increasing in the presence of GNPs. However, the visibility and the mean reflectance will also vary with the geometries of the manufactured FO sensors. The visibility as a function of GNP density is characterized in Section IV-B to evaluate the quality of the FP cavity and to investigate the influence of GNP on the interference.
The VIS spectrum in Fig. 6(a) shows the reflectance of GNPhydrogel (80 nm, 1 × 10 11 particles/mL) in 30% ethanol solution. The LSPR signal is a 7% resonance peak (measured from first minimum and first maximum) on top of a 90% background reflectance. It follows from Fig. 6 (b) that this background reflectance is mainly due to the Fresnel reflection at the fiber-gel interface. The level of background reflectance will also vary with the composition of the hydrogel. As expected we observe no interference fringes since the MM propagation in fiber and hydrogel washes out the interference. The resonance can however be improved by increasing the particle density.
For comparison we have also included VIS reflectance measurements of randomly adsorbed the GNP on bare DCOF end face in air in Fig. 6(a) . The strength of the LSPR signal is a −2% resonance peak. The negative LSPR amplitude represents an absorption of the close-packing of GNPs that is comparable to results from previous work [18] . We note that this is also different from other work, e.g., from the fabrication of periodic noble metal nanostructures on OF end face [2] .
The LSPR for GNP on bare DCOF end face is at 566 nm compared to 572 nm for the GNP-hydrogel. The difference is due to the different fabrication methods used and due to the different surrounding RIs. The LSPR for GNP-hydrogel also differs from the LSPR at 560 nm for GNP citrate buffer solution. The redshift is due to the n gel from the ethanol solution and the polymer network, compared to the RI of the citrate buffered solution. The change in local RI can be computed from (8) . With RI of GNP-citrate solution as n local(1) = 1.33 [19] , λ max(1) = 560 nm, and λ max(2) = 572 nm, the local RI will be n local(2) = 1.3665. The computed local RI n local(2) = 1.3665 is close to the RI of 30% ethanol at 1.3535 [19] . Fig. 7 shows the visibility and the FSR of the hydrogel cavity for increasing density of 100 nm GNPs. No distinct decrease in visibility with increasing particle density is observed. The mean visibility fluctuates between 0.17 and 0.3 (not including the measurements without GNPs), a variation most likely due to variations of the geometry of the different manufactured FO sensors. The initial drop in visibility after adding GNPs to the hydrogel might be due to GNPs adsorbing to the surfaces. With no distinct decrease in visibility for increasing GNP density, we conclude that the quality of the FP interferometer is not limited by the amount of GNPs immobilized in the hydrogels in our experiments. The visibility is comparable to previous work on EFPI [9] and the sensitivity would therefore be similar.
B. Visibility and FSR as a Function of GNP Density
The FSR is fluctuating between 18 nm and 22 nm with GNP density in Fig. 7(b) . Small variations in FSR are expected to occur for the different sensors due to the variation in pregel droplet size deposited on the fiber end face. A variation between 5 to 10 μm for the different manufactured sensors is likely to occur and would change the FSR with 2 to 4 nm comparable to the variance observed in Fig. 7(b) . The dependence or independence of FSR on GNP density is therefore uncertain. The change in optical length for the change in n gel in (5) should be negligibly small when adding GNPs to the hydrogel. However, the polymerization process could be influenced by the GNP citrate buffer solution in the pregel and change the physical length l in (5). It is important to note that the variation in the FSR with GNP density is not important for a sensor application, since it is the change in FSR that contains information about the measurand. Fig. 8(a) shows the measured FSR for the deswelling GNPhydrogel with particle density at 1 × 10 11 and 5 × 10 10 mL
C. FSR and LSPR as a Function of GNP-Hydrogel Swelling and Deswelling
controlled with increasing ethanol concentrations. The FSR follows the same trend for the two particle densities for ethanol concentrations from 30% to 45%. The FSR increases monotonically from 25 nm to 45 nm and from 30 nm to 55 nm for particle density at 1 × 10 11 and 5 × 10 10 mL −1 , respectively. The difference between the FSR for particle density at 1 × 10 11 and 5 × 10 10 mL −1 can not be concluded to be dependent or independent on GNP density due to the variance in FSR as a result of the sensor preparations as discussed in Section IV-B. Despite having GNPs immobilized in the hydrogel, the readout of the FSR give accurate information of the swelling dynamics of stimuli-responsive hydrogels. This is also evident from the visibility measurements from Fig. 7(a) that is comparable to previous work on EFPI [9] . The sensitivity would therefore be similar to earlier results and sufficient for many applications. Using phase detection algorithm would further improve the sensitivity compared to the FSR measurements used in this work [9] . The nonlinear response of FSR in Fig. 8(a) for increasing ethanol concentration occurs as a result of approaching the critical point for dehydration that results in a collapse of the hydrogel when increasing the ethanol concentration beyond 45-50% [20] . The hydrogel contraction rate will therefore increase with increasing ethanol concentration up to the critical point for collapse.
The FSR computed from the raw spectra S λ have a monotonic response towards increasing ethanol concentration similar to the FSR computed from the normalized reflection spectra I R with a bias or error of 0.9-1.9 nm in Fig. 8(a) . Thus, depending on the accuracy required, it might be sufficient to compute the FSR from reflection spectra such as S λ having a non-ideal interference signal, thereby simplifying the signal processing.
In Fig. 8(b) the LSPR peak position is measured as a function of hydrogel deswelling. The LSPR peak positions are fluctuating between 571.36 nm and 573.64 nm. The hydrogel contraction leads to an increase in the RI of the hydrogel due to the increasing density of acrylamide polymer. A change in ethanol concentration from 30% to 45% results in a solvent RI change of ΔRI = 0.0066 [19] . The change in n gel as a result of the increase in ethanol concentration as well as a result of the increase in polymer density should result in a redshift. From (8) , it follows that the observed Δλ LSPR ≈2-3 nm corresponds to Δn local = 0.009. Thus, Δn local is close to the ΔRI for the change in ethanol concentrations alone. The increase in polymer density by a factor of 2 (change in optical length from 50 μm to 25 μm) will also result in a significantly larger increase in n gel . This demonstrates that the increase in n gel is not increasing n local on the GNP, but rather introducing small variations in the local dielectric environment. The reason for this weak dependence is the combination of low polymer concentration and the small refractive index "probes" (80 nm GNPs).
The results found from LSPR and visibility measurements proves the utility of immobilizing GNP in hydrogels to measure both interferometric and LSPR signal with acceptable levels of cross-talk to obtain label free and selective sensing of specific biomolecules for medical purpose [2] , [10] . That the significant increase in n gel results in such a small LSPR shift supports the claim of improved nanoplasmonic sensing by immobilizing GNP in a 3-dimensional polymer network.
D. Particle Distribution and Morphology of GNP-Acryalmide Hydrogel
The SEM images of the fractured piece of dehydrated and dried GNP-acrylamide hydrogel are shown in Fig. 9 (a) and (b), while the SEM images of diluted and dried GNP-acrylamide pregel is shown in Fig. 9(c) .
The pores are clearly visible in Fig. 9 (a) and (b), with size ranging from 0.5 to 3 μm. These pores will however change in size for a hydrated hydrogel, since the dehydration is making the hydrogel smaller in volume. Parts of the hydrogel have also collapsed where the pores are absent.
Hydrogels will hydrate its surface after dehydration due to the humidity at room temperature. Despite exposing the hydrogel to a gradient of ethanol concentrations, small pockets of water can be immobilized inside it. The collapsed areas where the pores are absent can therefore be assumed to be a result of insufficient dehydration since liquid carbon dioxide only will exchange efficiently with ethanol in the critical point drying technique. Other morphological characterizations methods such as cryogenic or environmental SEM have been used to characterize hydrogel with a swelling degree closer to its original hydrated state while omitting the fixation, dehydration, and the critical point drying technique [21] , [22] .
The particle distribution from the SEM image in Fig. 9 (b) is difficult to distinguish from artifacts associated to the sample preparations [23] . GNP in biological, or gel-like samples, have been observed with back scattered electrons for samples without metal coating, but with highly conductive sample holders [24] . However, the particle distribution can be characterized by comparing the diluted GNP-acrylamide pregel in Fig. 9(c) with the fractured piece of GNP-acrylamide hydrogel in Fig. 9(b) . From Fig. 9 (c) the GNP shows to have a single and clustered distribution.
The visibility results in Section IV-B is not distinctively decreasing for increasing GNP density which indicates a dispersed distribution of GNP throughout the hydrogel. The clustering of GNP observed in Fig. 9(c) is then most likely a result of the drying process of the diluted and dried GNP-acrylamide pregel. 
V. CONCLUSION
We have demonstrated a new multi-parameter sensor concept by combining an interferometric and a plasmonic sensor on an optical fiber end face, proving the feasibility of utilizing two label free sensing techniques in one single point. The FO sensor consist of an EFPI in the form of a hemi-spherical hydrogel with immobilized GNPs. The quality of the interferometric GNP-hydrogel cavity was assessed by measuring the visibility as function of GNP densities. Despite having GNPs immobilized in the hydrogel, the visibility remains almost constant with small fluctuations between 0.17-0.3, for the increasing GNP density.
Further, the FSR of the FP interferometer was measured for decreasing hydrogel size, stimulated with increasing ethanol concentrations, to assess the swelling mechanism with GNP immobilized in the acrylamide based polymer network. The FSR was increasing monotonically with hydrogel dewelling, demonstrating the feasibility of utilizing stimuli-responsive hydrogels containing GNP for label free sensing. The visibility is comparable to previous work on EFPI [9] and the sensitivity should therefore be similar to earlier results and sufficient for many applications. Using phase detection algorithm would further improve the sensitivity compared to the FSR measurements used in this work [9] .
The LSPR peak position was varying between 571.36 nm and 573.64 nm for increasing ethanol concentrations, proving that the increase in hydrogel deswelling (by a factor of 2) is not significantly increasing n local , but rather introducing small variations in the local dielectric environment. We observe no interference fringes in the VIS spectral range due to the washed out interference of the MM propagation. The quality of the LSPR signal is therefore comparable to other fiber end face based LSPR sensors, e.g., from [25] .
In conclusion, the proof-of-concept experiments proves the utility of immobilizing GNP in hydrogel to measure both interferometric and LSPR signal with acceptable levels of crosstalk to obtain label free and selective sensing of specific biomolecules for medical purpose.
Further work will consist of realizing this FO system as a biosensor towards medical applications where specific markers will be detected [2] , [10] , [11] , [25] . Moreover, the concept of combining interferometric and LSPR measurements will be explored in other FO sensor designs. The potential of sensing n local with GNP in the hydrogel with less influence of the n gel will also be investigated with respect to label free and selective multi-parameter sensing.
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